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ANALYSIS OF ELECTRICAL CHARACTERISTICS OF EDGE-COUPLED ri-
MICROSTRIP LINES WITH A DIELECTRIC OVERLAY

INTRODUCTION

Background

Considerable interest exists in developing broadband electronic systems using micro-
wave integrated circuits (MICs). Such systems can have the following advantages:

1. Reasonable performance

2. Savings in fabrication costs when production quantities are sufficient to reap
the advantages of photolithographic and thin-film techniques

3. Savings in size and weight because of the availability of ceramics of high dielec-
tric constant

4. Reliability

5. The ease with which lumped element control devices and circuit elements can
be incorporated.

Many of the circuit functions necessary for MIC systems can be realized using micro-
strip as the primary transmission line. These realizations draw heavily from the abundance
of design and development information on shielded strip line components and systems.

Some difficulties have been encountered in the application of shielded strip line de-
sign techniques to the development of high-performance, broadband, microstrip, direc-
tional couplers and hybrids. A common approach for implementing such components in
shielded strip line is to appropriately interconnect quarter-wavelength long (at midband)
sections of parallel, coupled lines. One problem in implementing such components in
microstrip is that, for loosely coupled sections of edge-coupled microstrip, the inhomo-
geneity of the dielectric media limits the isolation characteristic. It has been shown [1]
that this effect is attributable to a difference between the even- and odd-mode phase
velocities. Another problem is the difficulty in achieving sufficiently strong coupling in a
single section of parallel coupled lines by a microstrip approach compatible with current
limitations of photolithographic and thin-film fabrication tolerances.

A coupled line configuration that is compatible with an MIC format and offers some
relief for the directivity and tight coupling problems is edge-coupled microstrip with di-
electric overlays [2,3]. This configuration uses dielectric with high relative permittivity
over the coupled microstrip lines to minimize the absolute difference between the even-
and odd-mode phase velocities. The overlay also tightens the midband coupling compared

Note: Manuscript submitted August 8, 1974.
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to edge-coupled microstrip without overlays. Several investigators [2,4,5] have described
design methods for the dielectric overlay configuration based on design data available for
edge-coupled microstrip without dielectric overlays.

This report describes a computer-aided analysis of a coupled line configuration of
edge-coupled microstrip with a dielectric overlay. Design curves generated using this
analysis for X/4 coupled line sections are presented. A discussion is presented relating to
the experimental verification of the computer-aided analysis described.

Format

The content of this report is as follows: (a) the formulation of the analysis in terms
of even and odd modes is described. By virtue of a quasi-TEM model, an integro-differ-
ential equation formulation is invoked and reduced to a form suitable for use in computa-
tions. This reduction is accomplished using a method of moments solution. How to
extract coupled line transmission line parameters from the reduced equations is described;
(b) the computer program is documented, beginning with general considerations and pro-
ceeding with descriptions of input and output quantities. The experimental verification
of the computer program is discussed; (c) design curves generated by the computer-aided
analysis are described. These curves are useful for designing directional couplers, filters,
and Schiffman phase shifters; (d) the results and the significance of this effort are dis-
cussed; and (e) a listing of Program MICDOC is provided in Appendix A.

ANALYSIS

Edge-coupled microstrip with a dielectric overlay was analyzed. A quasi-TEM propa-
gation model, used for this configuration, was characterized by a Laplacian potential cast
in an integro-differential operator format. The integro-differential formulation was then
reduced to matrix form by a method of moments solution. The pertinent coupled
transmission line parameters were then extracted from the reduced equations. Part of
the procedure used is similar to that described by Harrington, et al. [6].

Integro-Differential Formulation

The coupled line configuration to be analyzed in this work is characterized by the
admittance and phase velocities of the even and odd modes of propagation. In terms of
these quantities it has been shown how to design microwave directional couplers and
filters [7]. The even- and odd-mode analysis of coupled transmission line configurations
transforms a 4-port coupled line problem into two 2-port transmission lines (correspond-
ing to the even and odd modes).

The even and odd modes then correspond to "decoupled" transmission lines, each
having admittances and phase velocities that can be determined as follows. Consider the
cross section of the coupled line configuration shown in Fig. 1. The conducting strips A
and B are photoetched on a ceramic substrate such as alumina. The dielectric overlay
interfaces homogeneously with the substrate in the region between the strips and is taken
to be the same material as the substrate, each characterized by relative permittivity er.

2
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GROUND PLANE, C

DIELECTRIC SUBSTRATE

Fig. 1 - Cross section of edge-coupled microstrip with
dielectric overlays (filled configuration)

CONDUCTING STRIPS

GROUND PLANE

Fig. 2 - Cross section of empty configuration

The dielectric overlay precisely spans the region between the outer edges of the strips.
This configuration is denoted the "filled" configuration.

Now consider the cross section shown in Fig. 2. This configuration is obtained by
fictitiously removing the dielectric regions shown in Fig. 1, while retaining the same con-
ductor geometry. The cross section in Fig. 2 is denoted the "empty" configuration.

TEM propagation models are invoked for both configurations. By virtue of these
models, modal excitations are defined according to

OA= =B= 1

Oc =0
} Even mode excitation (1)

(2)OA = _OB = 1 Odd mode excitation.
Oc = 0

Here, the subscripts A, B, and C correspond to the conductors shown in Fig. 1. Impress-
ing these excitations upon the filled and empty configurations produces four different
scalar potential distributions. Each of these distributions can be expressed in the form

3
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¢(P) = fua(')G(R)dQ', (3)
C

where o(Q') is a different "equivalent charge" density distribution [6] to be determined
for each of the four potential distributions defined above. For a configuration composed
of both conductors and dielectrics, a is the sum of free and bound charges. Each distri-
bution a lies along the boundaries of conductors and dielectrics, thereby defining the
integration path variable V'. The Green's function G(R) is the same for each of the four
potential distributions and is given by

G(R ) =n2n O 0 (4)

where R is the distance between the measurement point P and the charge density element
at the path point determined by 9', contour C is the curve along which equivalent source
distributions lie, F is a constant defined to assure numerical stability according to

9 > Rmax 1 (5)

where R max is the maximum value for R when P is constrained to lie on C; and finally,
co is the free-space permittivity.

At this point, the analysis approach can be summarized as follows. The four source
distributions arising from the use of Eqs. (1) and (2) for the filled and empty configura-
tions are to be determined by a method of moments solution of Eq. (3) subject to the ap-
propriate boundary conditions for each of the four potential problems. These boundary
conditions for the filled problems (even and odd modes) correspond to Eq. (1) or (2),
together with the requirement for continuity of tangential electric fields at dielectric-air
interfaces. For the empty configuration, even- and odd-mode problem boundary condi-
tions are specified by Eq. (1) or (2) alone. Upon determination of the four equivalent-
charge density distributions, the electrostatic capacitances Cel Cedel CO, and Ce 0 are
computed. Here Ce is the capacitance to ground per unit length of one transmission line
for the filled problem with even excitation. Cee is the capacitance to ground per unit
length of one line for the empty problem with even excitation. C0 and Ce,0 are defined
for the odd-mode excitation in a corresponding manner. If the inductances per unit
length are taken to be the same for the filled and empty problems when considering
either the even or odd mode, the modal admittances and phase velocities are evaluated
according to

YOi = C f/7 (6)

and
C(

=c C (7)
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where

e even mode
i= ~~~~~~~~~~~~~~~~~~~~~~(8) ra

0 odd mode

and c is the speed of light in free space.

The essential features of the method-of-moments solution for each of the four
equivalent charge density distributions are described next.

Method-of-Moments Reduction

To determine the equivalent-source distributions referred to earlier, Eq. (3), subject
to the boundary conditions for each of the four cases described, is cast into the form

o((Q¢lQ+l(Q)anl ,:2Q an 2 Q

Here, FI. is the potential at the point on the integration path C determined by path
variable value Q as defined for Eq. (3); and (a0/an 1)I9 .and (aI/an2 )I are the normal
derivatives of 0 at integration path point 9 for unit normal vectors n1 and In2 at 9 directed
to the right and left of the path, respectively, for increasing values of Q. From this point
in the development, source-position variables will be denoted by primed quantities, whereas
unprimed position variables will denote potential measurement points or field points.
Quantities a(9), 01(9), 02(Q), and y(9) are functions of 9 determined by the boundary
conditions for each of the four potential distributions.

The method-of-moments procedure used here is described as follows. Equation (9)
can be expressed succinctly as

L(a) = y, (10)

where L is a different linear, integro-differential operator for each of the four problems
at hand. An inner product for the solution is selected to be

<f, g>= ffgd9. (11)
C

The contour C for the even- and odd-mode problems in the filled configuration is actually
composed of the six contours C1 through C6 as defined in Fig. 3. Similarly, for the even-
and odd-mode empty problems, the contour C is defined by the three contours, C1, C2,
and C3 , shown in Fig. 4. Note that contours C1, C2 , and C3 are the same for the filled
and empty configurations. Also, each contour has constant boundary conditions in terms
of the °el 1 02' and y in Eq. (9).
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C6

I I
I + I - 1

Cl C2

C3

Fig. 3 - Equivalent-source representations for
filled configuration

Cl C2

C3

Fig. 4 - Equivalent-source representations for empty configuration

To facilitate a subsectional basis expansion for the equivalent sources in these prob-
lems, the contours C1, ... , C6 are subdivided into N1, N2 , ..., N6 subsections, respectively.
The selection of N 1 , N 2 , ... , N 6 is determined by considering minimum numbers necessary
for solution accuracy and the storage capacity of the computer to be used for this work.

The even- and odd-mode equivalent-source distributions in the filled problem are
then expanded in terms of pulse functions [8] as follows:

6 Nm

ae ';Z:L E
m=6 n=m

6 N M

aO 0 t E E
m=l n=1

emnpmn

Imn mn.

(12)

(13)

Here, ae and ao are the equivalent-source distributions for the filled configuration even-
and odd-mode problems, respectively. Coefficients a' n and a n are associated with the
even- and odd-mode expansion functions on the nth subsection for the mth contour for
the even and odd modes, respectively. Pmn is the pulse function on the nth subsection
for the mth contour.
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For the empty problem the source expansions are expressed as

3 Nm 

Ue~ L e,ep (14) c
m=1 n=1

and
3 N 

aes aeOp (15)e,0 � L... mnPmn'(5
m=1 n=1

Here, the definitions of quantities are similar to those in the previous paragraph except
that an additional superscript e is used to denote quantities for the empty configuration.

The testing procedure for the moment solution is now described. To accomplish a
point-matching solution, Dirac delta functions are taken to be at the centers of the sub-
sections defined for each of the six contours in the filled problems and the three contours
in the empty problems. For each of the four problems at hand, the inner product of
these impulse functions is taken according to E q. (11), with the quantity 'Y in Eq. (10).
The resulting matrix equations can be set down as

[2] [,e] = ['Y] (16)

[Q] [0] =ryo 0 (17)

[Q e [ae e] = [ye,] (18)

[pe] [,e'0] = hye,0] (19)

Here, [ae] and [00] are matrices whose elements are coefficients in the expansions
shown in Eqs. (12) and (13). These elements are ordered as follows:

ao, (j=1, ... , J,1N +1, ... , N1 + N2 , N +N +... +N+ +1,..., N .... N

(20)

Elements of [9] are dependent on only geometry and material parameters and can be
represented by

k = <5i L(P )>

i, j= (1, ..., N1 , N1 + 1, ..., N1 + N2 , ..., I1 + N2 +- + N 5 + 1, ... N1 + ... + N6 ) (21)

where L is the operator in Eq. (10), 6i is the impulse (testing) function at the center of
the ith subsection, and Pi is the pulse function on the jth subsection. Elements of the
matrices [ye] and [Eyo0I are given by

("Ye)i = <hip -ye> (22)

('YO)i = <5i, 'Yo> (23)

7
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where i is indexed as for Eq. (21) and 'ye and yo are the appropriate y from Eq. (10) but
specialized to the even- and odd-mode excitations, respectively, for the filled problem.
The matrices [a',ee [ae,0] [9e], [ye,e], and ['ye 0] are defined in a manner completely
analagous to [a%], [a0], [9], ['ye], and [1yo] except that they correspond to the empty
problem and the indices i and j are ordered

i, j (1, ..., N1 , N1 + 1, ... N1 + N 2 , N 1 + N 2 + 1, ..., N 1 + N 2 + N3). (24)

Explicit representations for elements of matrices [Q] and [Qe] are virtually the same as
elements of matrix [9..] in Ref. 6.

The solution for the coefficients from the equivalent-source expansion in Eqs. (12)
through (15) is achieved by inverting the [9] and [ke] matrices in Eqs. (16) through (19).
Hence,

[,e] = 191-1 ['Ye] (25)

[00] = [I-' [rye] (26)

[ae e] = [pe]-1 ['Ye,e] (27)

[ae'] I= PBer r ye O] (28)

Using the coefficients determined according to Eqs. (25)-(28) and Eqs. (12)-(15), respec-
tively, produces step approximations to the equivalent-source distributions.

In the next section it is shown how to determine the even- and odd-mode trans-
mission line parameters from the approximations to the equivalent-source distributions,
represented according to Eqs. (12)-(15).

Determination of Even- and Odd-Mode Transmission Line Parameters

Here, equivalent-source distributions obtained using Eqs. (25)-(28) are used to deter-
mine the even- and odd-mode transmission line impedances, phase velocities, and other
quantities pertinent to the design of coupled line components.

The capacitances Ce, C0 , Ce eI and Ce 0 , described on page 4 are determined. Each
capacitance is defined by the ratio of net free charge to impressed voltage for the even-
or odd-mode transmission lines in the filled or empty configurations, respectively. Hence,

Ce-(ce) (29)
OA

CO ¢,0 ( 30)

8
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(Qee)
Ce,e = (31) :

OA~~~~~~~~~~~~~~P

CeO = ( 9. 9 (32)

where Qe and QO are the net free charge on one of the coupled strips for the filled con-
figuration under the excitations in Eqs. (1) and (2), respectively. Similarly, Qee and QeIo
in Eqs. (31) and (32) are defined for the empty configurations with the even- and odd-
mode excitations impressed according to Eqs. (1) and (2).

The determination of the net free charges Qe, Q0 , Qee' and Qe is based on the
assumption that the conductors in the problem are perfect. Hence, ihere are no fields
internal to the conductors. Upon applying Gauss's Law we can write the expressions

N1

Qe 0 e E erjaj j'(33)
j=1

N1

Q0 eO E erjj j, (34)
j=1

N1

Q e eO E0 a ,eAQ;, (35)
j=1

and
N1

o oE af A' (36)
j=1

where a, a, aqe, and aiso are defined as per Eqs. (11)-(19 the length of the jth
segment into which contours C1 in Figs. 3 and 4 are subdivided; and erj is the relative
permittivity of the medium immediately adjacent to the jth segment and outside the con-
ducting strip bounded by contour C1. Since the potential OA in Eqs. (1) and (2) is equal
to unity,

N 1

Cee erJJ , (37)Ce Je E eaJeQj
j=1

N 1

CO Te0 z erj 9j, (38)
j=1

N1

Ce e e0e qee^9' (39)

j=1

9
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and
N 1

Ce0o w e E 61""'0A. (40)
j=1

Using Eqs. (37)-(40) with Eqs. (6) and (7), we can determine the even- and odd-mode
admittances Y0e and Y00 and the phase velocities for the coupled line configuration in
Fig. 1.

Other pertinent coupled transmission line parameters can be computed as follows.
The even- and odd-mode impedances are given by

1 e even mode
Zoi=y i (41)

Z o i 0 odd mode.

The coupled line impedance is given by

Z= ZoeOO (42)

where Z0 e and Zoo are evaluated according to Eq. (41). In some cases the average vavg of
the even- and odd-mode phase velocities is of interest as a measure of the phase delay for
coupled-mode propagation. Velocity vavg is expressed simply as

Ve +V 0

Vavg 2 (43)

Finally, for the analysis of directional couplers composed of sections of coupled lines
with the cross-sectional configuration shown in Fig. 1, the midband voltage coupling
coefficient C0 is given by

Zoe
-.1

C ooZ (44)
Oe

+ 1

where Z0 e and Zoo are evaluated according to Eq. (41) in the preceding discussion.

COMPUTER PROGRAM

The described analysis has been implemented in the form of a versatile digital com-
puter program. Here, the usage of this program from the standpoint of a design engineer
as the user is described. A complete listing of this computer program is presented in
Appendix A.

10
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General Considerations

The computer program is named MICDOC, an acronym derived from the phrasee
"microwave integrated circuit dielectric overlay couplers." MICDOC is written in Fortran
IV and is compatible with the CDC 3800 digital computer. With minor alterations this rr
program should also be suitable for use on the CDC 6000 series computer systems and
the IBM 360 or 370 systems. The core storage necessary for executing this program on
the CDC 3800 system at the Naval Research Laboratory (NRL) Research Computation
Center is 41,648 words. Although the total core storage of this computer is now 98,304
words, the maximum storage available for a single array (without resorting to special
array-handling techniques) is 37,768 words. It is this system requirement that constrains
the largest array in MICDOC to be 181 X 181 or 37,761 words.

Furthermore, because of the standard loading procedure employed by the CDC 3800
system at NRL, the following scheme for handling large arrays was incorporated into
MICDOC. The two relatively large arrays in MICDOC are array A, 181 X 181, and array
Al, 132 X 132. These arrays appear in different subroutines and are used successively.
For these reasons the arrays A and Al are placed in a block of COMMON storage labeled
HELP. During the loading of the program, HELP is loaded into a storage bank with
37,768 storage addresses available to accommodate array A. This is done using a BANK
card. In addition, another BANK card forces main Program MICDOC and Subroutine
MSCUPF into a different storage bank. The storage required to operate using A and Al
is minimized by forcing them to share the same storage locations by means of the state-
ment, EQUIVALENCE (A, Al). These techniques are necessary to load properly pro-
gram MICDOC into the CDC 3800 system at NRL.

The length of time necessary for program execution is approximately 6 min for
each configuration to be analyzed.

Input Information

An understanding of the input quantities required by Program MICDOC is facilitated
by considering the geometry displayed in Fig. 5. Each configuration of edge-coupled
microstrip with a dielectric overlay to be analyzed by MICDOC can be characterized by
specifying the cross section in terms of quantities defined in Fig. 5. Accordingly, the
first data card for any execution of MICDOC contains the quantity NSETS. This is an
integer specifying the number of different configurations of the type defined by Fig. 5
which are to be analyzed. NSETS is punched on the first data card according to the
format 110.

Each configuration included in NSETS is specified by a separate data card located
successively behind the first card. Each card lists the following quantities, defined in
Fig. 5 and punched according to the format F10.6:

W The width of a conducting strip, specified in mils

S The spacing between the two conducting strips, specified in mils

T The thickness of the dielectric overlay above the top surface of the conducting
strips, specified in mils

11
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H The height of the conducting strips above the ground plane (the substrate
thickness), specified in mils

L The substrate width, specified in inches. This quantity is variable primarily to
allow for narrow substrate widths. A value of L = 1.0 in. has been adequate
for many practical coupler circuits.

ER The relative dielectric constant of the substrate and dielectric overlay (dimen-
sionless).

The number of cards behind the first card, each containing sets of the parameters
described above, should equal the value read in for NSETS.

Output Information

An understanding of the output information furnished by Program MICDOC is
facilitated by examining a sample of the program output. Such a sample is shown in
Fig. 6. The output in this figure corresponds to an input data set, where

NSETS = 1

W = 47.5 mils

S = 61.0 mils

T = 65.0 mils

H= 50.0 mils

L= 1.0 in.

ER= 10.0.

The parameters following NSETS are those defined in Fig. 5.

H- w S wH

I

k

Fig. 5 - Input parameters required by Program MICDOC

12
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STRIP METALIZATION THICKNESS a 210 MICRIINCHES

re 47,5 Ss 61,0 To 65.0 Hs 50.0 La 1,000000 ERI 10,000000

C(D8) ZOCEHMS) ZOO(OHMS)
14.66 43.85 36,37

GW(PFXo 273,180

ZCE(eHMS)
52.87

CEIPF)s 1,77,494

we (M/SE: >
, .007.008

CI(CP)u 30,755

VE(M/SEC)
1.066.008

VAV3CM/SIC)
1.036*000

CEU(PF1s 22,395

Fig. 6 - Output sample from Program MICDOC for input parameters: NSETS = 1, W = 47.5, S = 61.0
T = 6.50, H = 50.0, L = 1.0, ER = 10.0

The corresponding output shown in Fig. 6 is described as follows. The first line of
output is invariant for each configuration and indicates that the computer program per-
forms computations taking the strip conductors to have a nonzero metalization thickness
of 250 gin. The next line is skipped, and the third line lists the input parameters, defined
according to Fig. 5, for the configuration to be analyzed. After skipping another line,
the program tabulates the following computed quantities from left to right with identify-
ing labels printed directly above computed values.

C(DB): The computed value of midband coupling in dB, deter-
mined using Eq. (44)

ZO(OHMS):

ZOO(OHMS), ZOE(OHMS):

VO(M/SEC), VE(M/SEC):

VA VG(M/SEC):

The coupled line characteristic impedance in ohms, com-
puted using Eq. (42)

The odd- and even-mode impedances, respectively, in ohms,
evaluated as described leading to Eq. (41)

The odd- and even-mode phase velocities, respectively, in
meters per second, determined as described earlier in the
analysis, using Eq. (7).

The average of the even- and odd-mode phase velocities in
meters per second, computed using Eq. (43).

Another line is skipped and the last line in the output block lists from left to right the
quantities CO(PF), CE(PF), CEO(PF), and CEE(PF), which are the capacitances (in
picofarads) evaluated according to Eqs. (38), (37), (40), and (39), respectively.

For program executions where more than one configuration is to be analyzed
(NSETS > 1), an output block similar to the one shown in Fig. 6 is printed for each
configuration. Four blank lines separate the output information blocks printed for each
configuration.

Experimental Verification of Program MICDOC

Although Program MICDOC provides information that is suitable for use in develop-
ing directional filters and Schiffman phase shifters, the program was implemented initially
for use in developing broadband directional couplers. Therefore, much of the data cur-
rently available for use in assessing the accuracy of MICDOC is constituted of laboratory
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measurements made on two-section, asymmetric, directional couplers. These couplers
have sections of coupled lines embodying the configuration treated here.

For the purpose of verifying the accuracy of the computer program, the measured
performance of three of these directional couplers will be compared with computer-
evaluated performance characteristics. The design of these couplers used computations
obtained from MICDOC. One of these couplers has a nominal coupling value of 10 dB
and is shown in Fig. 7. Depicted in this figure is the coupler circuit pattern, which was
fabricated on a 0.9- X 0.4- X 0.025-in. alumina substrate using photolithographic fabrica-
tion techniques. The dielectric overlay for each of the parallel-coupled line regions was
formed by affixing precisely ground pieces of alumina to the surface of the appropriate
coupled strip region using Emerson and Cumings Stycast HiK (K = 10) Epoxy. These
dielectric pieces are shown in Fig. 7, both separately and affixed to couplers packaged
for experimental evaluation. Each of the two sections of this coupler has a cross-sectional
configuration of the type shown in Fig. 5 with the characterizing parameters shown in
Table 1.

The accuracy of MICDOC in describing the performance of this coupler is determined
as follows. By applying MICDOC to the two coupled line cross sections defined in Table
1, we determine that the midband coupling values of the tight and loose sections are 7.0
dB and 16.1 dB, respectively. The characteristic impedance of each of these coupled line
regions is evaluated to be 50 ohms. Using an ABCD matrix description [11 for the two-
section coupler, we evaluated the performance of the two-section coupler. The perform-
ance computed in this manner was compared with the measured performance characteris-
tics, shown in Fig. 8, for the packaged coupler shown in Fig. 7. Since the performance

r: 9

Fig. 7 - Photograph of 10-dB coupler and package assembly
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Table 1
Cross-Sectional Parameters for Two-Section 10-dB Coupler
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Fig. 8 - Measured performance of 10-dB coupler
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Parameter

Section W S T H L

(Mils) (Mils) (Mils) (Mils) (In.) ER

Tightly coupled 15.7 5.2 4.5 25.0 1.0 10.0

Loosely coupled 20.0 30.4 6.5 25.0 1.0 10.0
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determined by MICDOC assumes that there are no dissipation losses, the most direct as-
sessment of the program accuracy is made by eliminating the measured dissipation loss
effects from the measured coupling characteristic shown in Fig. 8. When this is done, it
is found that, for the frequency range from 2.5 to 8.5 GHz, the computed and loss-
adjusted coupling characteristics are each 9.6 ±0.6 dB. The input VSWR characteristic
shown in Fig. 8 includes the effects of mismatches from SMA connectors, transitions
from connectors into microstrip lines, and the right-angle mitred bends leading to the
coupled line sections. In spite of these contributions, the worst-case input VSWR for the
2.5- to 8.5-GHz region is 1.25:1, indicating substantial agreement between computed and
actual impedance levels for the two sections. The coupled line regions of each section
were each 0.2 in. long in the experimental coupler model. Using MICDOC the average
phase velocity (Eq. (43)) for each section was computed to be 1.1 X 108 m/s. From this
value the midband frequency is evaluated to be 5.4 GHz. This values agrees closely with
the measured characteristics in Fig. 8. Specifically, the computed midband frequency of
5.4 GHz is only 1.8% different compared to 5.56 GHz, the center of the 2.5- to 8.5-GHz
frequency band for which the measured characteristic was cited earlier. It should be
noted, however, that the midband frequency value for the data in Fig. 8 is not precisely
determinable.

Another two-section coupler, which provides information for investigating the
accuracy of MICDOC, is nominally a 6.7-dB coupler. With regard to fabrication and
design techniques employed, this coupler is very similar to the 10-dB coupler just de-
scribed. However, the microstrip line widths, spacings, and overlay geometries used in
the two cascaded sections differ from those used in the 10-dB coupler. Table 2 gives the
parameters for the tightly and loosely coupled sections of the experimental 6.7-dB coupler
model. Measured performance characteristics for this coupler are shown in Fig. 9. These
coupler sections were computed to have midband coupling values of 4.0 dB and 13.2 dB,
respectively. The characteristic impedances of these sections were evaluated to be 50 ohms.
The computed average value of phase velocity for each section is again 1.1 X 108 m/s.
Comparing computed with measured performance characteristics for this coupler in a
manner similar to that used for the 10-dB coupler, we note that for the 2.5- to 8.5-GHz
range the computed coupling is 6.1 ±0.4 dB compared to 6.3 +0.6 dB measured. The
measured VSWR over the same frequency range is 1.28:1 or better and includes effects of
reflections from connectors and mitred bends. Since the coupler sections are each 0.2 in.
long, the computed midband frequency is 5.4 GHz. This compares favorably with the
observed midband frequency for measured performance of approximately 5.5 GHz.

A third two-section coupler that is useful for evaluating the accuracy of MICDOC is
nominally a 20-dB coupler. The construction of this coupler is similar to that shown in
Fig. 7 for the 10-dB coupler. The characteristics of the cross sections employed in this
coupler are given in Table 3. The measured performance for this coupler is displayed in
Fig. 10. These coupler sections were evaluated as having midband coupling values of 16.9
dB and 27.1 dB, respectively. The characteristic impedances of these sections were
evaluated to be 50 ohms. The computed average value of phase velocity for both sections
is 1.05 X 108 m/s. Comparing computed with measured performance characteristics for
this coupler in a manner similar to those used for the 10-dB and 6.7-dB couplers shows
that for the 2.5- to 8.5-GHz range the computed coupling is 19.6 ±0.5 dB compared to
20.35 ±0.35 dB measured. The measured VSWR over the same frequency range is 1.23:1
or better and includes effects of reflections from connectors and mitred bends. Since the
coupler sections are each 0.2 in. long, the computed midband frequency is 5.2 GHz.

16
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Table 2
Cross-Sectional Parameters for Two-Section 6.7-dB Coupler
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Fig. 9 - Measured performance of 6.7-dB coupler
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Parameter

Section W S T H L

(Mils) (Mils) (Mils) (Mils) (In.) ER

Tightly coupled 7.8 2.1 10.0 25.0 1.0 10.0

Loosely coupled 20.6 19.2 5.0 25.0 1.0 10.0
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Table 3
Cross-Sectional Parameters for Two-Section 20-dB Coupler

2 3 4 5 6
FREQUENCY (GHz)

Fig. 10 - Measured performance of 20-dB coupler
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Section W S T H L
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Tightly coupled 18.8 39.6 25.0 25.0 1.0 10.0

Loosely coupled 18.5 85.5 25.0 25.0 1.0 10.0
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Table 4
Values of Midband Coupling for Configurations Used in

Experimental Configuration of Program MICDOC

rri

Midband Coupling
(dB)

4.0
7.0

13.2
16.1
16.9
27.1

Based on the periodicity observed in the measured coupling characteristic at frequencies
through 12 GHz (not shown in Fig. 10), the measured midband frequency for this coupler
occurs at approximately 5.6 GHz. It should be noted that the poorer worst-case direc-
tivity for the data in Fig. 10, compared to those shown in Figs. 8 and 9 is not due to
computational error in MICDOC. Instead, this is because the 20-dB coupler was not
optimized with respect to directivity [3], as were the 10-dB and 6.7-dB couplers.

By comparing computed with measured performance for 10-, 6.7-, and 20-dB two-
section couplers, we have demonstrated the utility of program MICDOC for a wide range
of coupling. Table 4 lists the values of midband coupling corresponding to the six sections
utilized in these three couplers. The comparisons of computed with measured performance
for the three broadband couplers have confirmed that the accuracy of Program MICDOC
is sufficient for many design applications.

DESIGN CURVES

Although the utility of the computer program has been demonstrated in the preced-
ing paragraphs the information generated by this program can be put into a format that
is yet more suitable for use in designing directional couplers, filters, and Schiffman phase
shifters. The desirability of such a format is illustrated by the following example. Sup-
pose it is desired to determine those parameters for the configuration shown in Fig. 5
that will lead to a coupled line section with midband coupling of C(dB) and a coupled
line characteristic impedance Z0 ohms. This typifies the design problem encountered in
prescribing the sections necessary for the experimental 10-, 6.7-, and 20-dB couplers
described earlier. To use program MICDOC for such applications requires an initial guess
at the appropriate values for the parameters in Fig. 5. Upon obtaining calculations from
one initial application of MICDOC, successive judicious modifications of the parameters
and program applications are usually necessary to determine those parameters necessary
for sufficiently accurate values of C(dB) and Zo ohms. Typically, three applications of
MICDOC have been adequate to determine values of C(dB) and Z0 ohms with an error of
approximately 3%.

To reduce the effort necessary for using the analysis to design directional couplers,
filters, and Schiffman phase shifters, MICDOC has been used to generate several families
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Fig. 11- Midband coupling vs normalized strip width and spacing
for values of normalized overlay thickness

of design curves. Figure 11 shows plots of midband coupling in decibels vs both normal-
ized strip width (W/H) and spacing (S/H) for values of normalized overlay thickness (T/H)
from T/H equal to 0.25 through 2.00. Notation used here is defined in Fig. 5. Midband
coupling values are shown in the range from 5 through 30 dB. These curves are intended
for providing geometry necessary to achieve a value of characteristic impedance Z0 equal
to 50 ohms using dielectric substrates and overlays with er equal to 10.0. To determine
the configuration, of the type shown in Fig. 5, that will produce a value of midband
coupling C(dB) and a characteristic impedance of 50 ohms, first a value of T/H is deter-
mined. This is done as described in Ref. 3. Once a value of T/H is selected the value of
W/H is determined from Fig. 11 by reading horizontally from the proper value of C(dB)
to the solid curve with the prescribed value of T/H. Reading down from this point to the
scale for W/H produces the necessary value of normalized strip width. Using a similar pro-
cedure with the family of broken curves and reading up to the scale for S/H completes the
configuration characterization, while assuring a 50-ohm characteristic impedance.

Other design curves presented, which are used in the manner described for Fig. 11,
are as follows. Figures 12 and 13 present values of even- and odd-mode impedance (Z~e
and Z00) vs W/H and S/H for various values of T/H. Figures 14 and 15 present values of
even- and odd-mode phase velocity (ye and u0 ) vs the same parameters. Figure 16 pre-
sents Vavg against the same parameters. Figures 11 through 16 all yield, configurations of
edge-coupled microstrip with a dielectric overlay having a characteristic impedance of
50 ohms for dielectric material with er equal to 10.0.
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Fig. 12 - Even-mode impedance vs normalized strip width and
spacing for values of normalized overlay thickness
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Fig. 13 - Odd-mode impedance vs normalized strip width and
spacing for values of normalized overlay thickness
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Fig. 14 - Even-mode phase velocity vs normalized strip width and spacing for values of normalized
overlay thickness
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DISCUSSION

This report describes a computer-programmed analysis and design curves useful for
determining the propagation characteristics of electromagnetic waves along coupled micro-
strip lines with dielectric overlays. Computations made using the computer program have
been compared with experimental results and were found to be in error by less than 5%
and typically 3% for midband coupling, modal impedances, and coupled line impedance
values. Based on the similarity of the coupled line configuration treated here with that
described by Krage and Haddad [9], it is anticipated that the modal and coupled line
phase velocities in this work are more dispersive than the modal and coupled line imped-
ance quantities. Because of the quasi-TEM propagation model employed in this analysis,
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overlay thickness

it is to be expected that phase velocity computations will, in general, incur slightly greater
errors than the impedance calculations. Errors in phase velocity calculations are probably
on the order of 5%.

The design curves shown in Figs. 11 through 16 are expected to yield coupled line
characteristics with essentially the same accuracy as that described in the preceding para-
graph. The values in these curves have been found to be consistent with measured elec-
trical characteristics of the two-section couplers composed of the coupling values in Table
4.

Program MICDOC currently comprises the only computer-aided analysis that has
been developed and distributed specifically to treat coupled microstrip with a dielectric
overlay. There have been other investigations producing design information for similar
configurations [4,5,9]. However, the efforts of Lee [4] and Buntschuh [5] consist of
empirical modifications of computer-generated analysis data for edge-coupled microstrip
without dielectric overlays (Bryant and Weiss [10] ). These approaches are not as con-
venient for design purposes as the single tool Program MICDOC. Furthermore, the use
of the analysis developed here can lead to a more general, systematic design procedure
for developing broadband directional couplers, filters, and Schiffman phase shifters [3],
allowing for the independent design of X/4 coupled line sections. The effort by Krage
and Haddad [9] did not lead to a generally available analysis for coupled microstrip
overlay configurations. Also, the overlay configuration treated in that work offers
considerably greater difficulty in achieving a well-matched transition at ports where
coupled lines interface with isolated microstrip lines.
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Appendix A
LISTING OF PROGRAM MICDOC

PR0GRAM MICDQC
REAL L
READ Is N5ETS

1 FORMAT(lCi)
D0 2 MN-1,NSETS
READ 3#WoSDTHD.oER

3 FORMAT(6FI0,6)
PRINT S

8 F0RMATtlM ,////IH ,*STRIP METALIZATION THICKNESS * 250 MHCReINCHIS
1*)
PRINT 4,WIS,THL,ER

4 FQRMAT(jHo#2HWa#F5.j,3Xe2HS #F5.ia3Xt2HTPf
lF5.l#3X,2HHMF5,io3X,2HRxLF1O,63X,3HERU.Fio6)
FACT6RX(l,oE-o5)*a(l/o0*937OO)
WNW.7ACTOR
SnS*FACTOR
ToT*FACTOR
HaHaFACTOR
LvL*FACT8R*(j. ,E*03)
CALL MSCUpF(WST,+,LERCSCE)
CALL MSCUPE(WoSTILER#CESCEE)
AEPCE*CEE
A0vCS*CE9
BEPCEE/CE
806CEO/Ce
ZQEui,/(U3,oE+O6)sSQRT(AE))
Zl3wl,/((3,OE+O8)*SQRT(A0))
AAvZ8E*ZS6
ZGUSQRT(AA)
VEu3.QE+O6o.SRT(BE)
VGm3,QE+08SSRT(B6)
VAVGP(VE*VS)/2,
RHSUZWE/Zee
Cv(RHGl, /(ARH0#*,)
CDBuu2O .AL0GlO(C)
PRINT 5

5 FORMATCIHOIX,5HC(rB)l3X,8HZS(SHMS) .2X,9wz0eSeHMS).2XI
19HZOE(OHMS),5X,9HVE(M/SEC),5X,9HVE(M/SEc)'5X#
211HVAVG(M/SEC))
PRINT 6,CD8,ZGZG06Z0EVeVElVAVO

6 FORMAT(jH ,F5.2,5XFr6,2,5XF6,215X,F6,2,5XEIO ,35XtlO,3#
15XElo,3)
CEUC0*l.E#12
CEuCEOI.E*12
CE~mCE0*if*12
CEEmCEE*I ,E12
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PRINT 7C,:@CECiECEE
7 FSRMAT(lH#,7HCO(PF)% FS 3,9X.7HCf(PF7fFS;3,3,X

1 aHCESePFtIF8,3,5XX8CE(PF)w,!'8,)
2 CONTINUE
STOP
END

SWIRIUTINI MSCUPF(hSToHLIRC9#CE)
DI4MENI1ON N(6),X(4,6#6,Y(46,6),ALPHA(46,6)' ,TAI(46,6),

lBETA2(46,0),GAMMA(46,6),CH(46,6),SCH(6),TSCD(46,6,4),A(l1l,181',
9AI(132#132)
REAL L
COMMON/HE6P/AsA
EQUIVALENCE (AsAl)
N366
N(1)843
N(2)043
N(3)U46
N(4)013

N(6)823
EQ5,o/(4,*3,14159*2,99776*2,99776E*09 )
FACTORM(liOE-05)*(l,/o.493700)
KKKuo
DELWUW/20,
EBER*E0

y(l~l)v-S2.-

X(1,2) -X(1, )
Y(1,2)$H
DO 26 11,20
IP141*1
X(IPl,1)mX(I,1)+DELW
Y(lPl,%)pH
X(IPlo2)RX(1,2)uDELW

26 Y(IPI#2)IH
X(22#1)=X(21,1)
Y(22,d)=0,25*FACT0R*H
X(22,2)=X(21,2)
Y(22s2):Y(22,l)
DO 27 1=22,41
IPigI.1
X(lPl~l)'vX(I,l)-DL
X(IPI#2)NXU1,2)*DELW

27 Y(IP1,2)Y(1,2)
X (43j)=X (l, l)
Y(43jj)=Y(jtl)
X(4382)=X(1,2)
Y(43,2):Y(1,2)
DELL8L/45,
XC1,3)v-L/2,
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y 130.
DO 28 I41145 22
IPl:I+l >
X(IPIl,3)X(I,3)+DELL

28 Y(IPI,3)50,
DeLHPH/2,
X(1,4}tPX(1,3)

X(%,5)mL/2

DO 29 151.2
IPIa 1.
XtSP1,4)5X.,4)
YEIP1,4)wY(I,4)+DELH
X(IP1,5)PX(1,5)

29 Y(IPI,5)xY(I,5)*DELH
DE~X(L/2jv(S/2.+W))/Io.
DO 30 I13#12
IPIFI*1
XCtPll4)PX(1,4)#DEL
YC IP1,4)UN
X(IPI,5)IX(1,5)-DEL

30 Y(IPi,5)NH
X(1,6)4-S/2,-W
YCl,6)vH*Q,25*FACTER
X(216)uS/2,*W
Y(2lo6)=Y(lo6)+T
DELT*T/2,
DO 31 1I1,2
IPI: *l
IP2101*21
IP21MI.IP21m1
XCIPI,6)P1X(I,6)
Y(IPI.6)pY(I,6).DELT
X(1P21,6)uX(IP21M1,6)

31 Y(IP21l6)vY(!P21MI#6>uDELT
DELOVu 2*W*S)/18,
De 32 1:3,20
IPI. 1.1
X(IPIO6)uW1C,61+DELOV

32 Y(lPlo6)Y( 1,6)
D0 47 LLLI1.2
IF(KKK-o) 38.37,38

C ODD MODE
37 CONTINUE

DO 332 Ju1,2
DG 33 1=1,42
ALPHACIJ xl.
BETAI(I,J).I,
BETA2(IJ)0Q'
G0 TO (34,35SbJ

34 6AMM3(3,4o
GG TC 33

27



BARRY E. SPIELMAN

35 GAMMA(I,,J).i,
33 CONTINUE
332 CONTINUE

KKK*KKK+l
GO TO 39

EVEN MODE
38 CONTINUE

DO 40 J=1, 2

DO 41 1=1,42
ALPHA(I,J.)u,
BETAI(l,j)uO.
BETA2(I,J)vo.

42 GAMMA(IJ)al.
41 CONTINUE
40 CONTINUE
39 CONTINUE

00 36 1:1,45
ALPHA(I.3)U1.
BETA1(I,3)o.Q
BETA2(1,3)po,

36 GAMMA(1,3)so.
DO 45 1=1,12
ALPHA(I,4)NQ.
BETAI l,4)*E
BETA2( I,4)Eo
GAMMA(1,4)%0.
ALPHA(1,5 )o.

BETAIC1,5)*Eo
BETA2(1,5)mE

45 GAMMA(1,5)m0.
DO 46 11,,22
ALPHA(1,6 )0.
BETAIl ,6)PE
BETA2(1,6)xEo

46 GAMMA(1,6)p0,
XMINWO,
XMAXPO,
YM I NO
YMAXPO,.
NXIO
NYWO
IDIM146
RX1,05405
NAXDIMU181
NAYDIMPISI
CALL LPLACF(NO.NXYALPHADBETAIBETA2.GAMMACHDSCW, tDIMR#TSCb,

1XMINlXMAX.NXYMINYMAXNYNAXD!MNAYDIM)
DELFIW/20,
DELENQ,25*FACTGR
FFl16,2831852*E*DELF
FF2u6,2831652*6mDELE
FF4.6,2831852sEC*DELE
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CHR09G0

Do 50 1I1,20
So CHRG*CHRl#Fli*CH( 1,) W1

DO 51 1:22,41
Sj CHRG4CHRG*FFl*CH(Ial)

CHRGICHRG,(FF2*CH(21,l)*FF4*CH(42,l))
IF (LLL.EQ,2) GO TC 60
COvCHRG
GO TO 47

60 CENCHRG
47 CONTINUE

RETURN
END

SUIRSUTINL LPLACF NSDNXYALPHAiETA1DUUTA2 GAMMA,#CWUCH,1D1M'sR*
1 TSCDXMINXMAXNX YMINYMAXKNYNAXDIMNAYDIM)
DIMENSION X(IDIMNE),Y( DIMNS),ALPHAUID!M,NC),BETA1(IDIMNeS,
lBETA2(IDIMNO)#QAMVA(IDIMNO)aCHtlDIMNe),TSCD(IDIMlNO,4),N(NJ)i
2A(181,l81),SCH(NO),t(175),A1(132,132)

COMMON/HELP/A, Al
EQUIVALENCE (A,Ai)
PIR314i5926
RROR*R
DO I Lol1NO
NNuN(L)-l
DO I lvl#NN
XINXtIol#L)-X(l#L)
YIUY(I*l'L).YIsL)
TSCD(ILol)xATAN2(YIXI)
TSCD(I#Li2)FSIN(TSCDCI,Ll))
T$CD(lpLi31)COS(TSCD(ILl))

I TSCD(lILi4)vSQRT(Xl*XI*YI*YI)
JJJzO
DO 4 LJ-1.N0
NJxN(LJ)sl
JAJxJJJ
JJJ*JJJ+N4
DO 4 JxliNJ
J4JAJA*j
X44(X(J,L4)*X(J+l#LJ))/2.
Y~JF(Y(JLb)*Y(J*ipLJ))/2.
111.0
DO 4 LIlNG
NIONLNl)-l
lliI:lI+Nl
IAIxII!-NI
DO 4 1'PINI
IIIAI'I
IF(IIEQJJ) GO TO 3
XlUXJ-X(?iLI)
X23XJ oX(IT.Ll)
YlIYJuY(ILI)
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Y2IYJwY(l*1,LI)
RllXI*Xl#YlsY1
R2gX2sX2*Y2*Y2
Slwo.
S2mO.
YTUY(Ll)*X2-Y(1iLl)*Xl+YJ*(XII*laLI).X(ILI))
xTmxIsX2*Yl*Y2
TETAPATAN2(YTXT)
IF(ALPHA.JLJ).EQ.0 1) GO TO 2
SlSTSCDUlL11 4)*(±.oo,5*ALOG(R2/RR))*O,5*ALOG(R2/Ri)aCXI*TSCD(ILI
la3)+Yl*TSCDtl@Ll,,Z))+Tr-TAOtXl*TSCDtI#Ll02)-yl*TSCD(I;L4113)I
2 TETAl*TSCD(JLJ, l)-TSCD( ILI~l)

S23o05*sIN(TETAI)*ALOG(R2/Rl)*COS(TETAI)*TETA
s~3wS2
GO TO 4

S S1UTSCD(ILI,4)*S(..ALOG(TSOD0(,LI,4)/2,/R))
sal. i

4 A(,J#,I)NALpHA(4Jj)*3Si*ETA1(JLJ)S32*3ITA2(JLJ)SS3

DO 5 Lwl#NO
9 MNM+N(L)ol

DO 6 L6loNO
NNuN(L)-1
JAJPJJJ
JJJ*JJJ+NN
DO 6 JslNN

6 6S(MJJGAMMAWJL)
CALL ARRAY(2,M#M#NAXDIM.NAYDIMvAA)
CALL SIMQ(A. ,M,KS)
IF (KSNE,O) PRINT 100

.100 FORMAT(1HOI8HSYSTEM IS SINGULAR)
JJ'JsO
DO 7 LnINO
NNNN()-1
JAJuJ.J
JJJaJJJ+NN
DO 7 UJleNN
J4,JA4*J

7 CH(J MB(,.J'J)
DO 8 LxlNO
NNNN(L)-1
SCH(L)lol
DO 8 I"leNN

G SCH(L)USCH(L)+TSCD(I ,L4)*CHCILI
IF(NX-I)I7o9,1O

9 DXpo,
GO TO ll

10 DXU(XMAXwXMIN)/FLSAT(NX-I)
ll IF(NYwI)I7.l2#13

30



NRL REPORT 7810

12 DY8O,
08 TS 14

13 DYU(YMAXwYMIN)/FLeAT(NYwi)
14 DO 16 1IsloNX rn

XsiuXMIN+FLSAT( I 1-2.)sDX
DO 16 JJU.,jNY
YJYMIN+FLSAT(JJwl)*DY
A( I I a'jIJ)UQ
DO 16 Ll!1,NO
NNNN(LI )-1
DO 16 I4,jNN
XloXJPX ( t#L I)
X2.XoJuX(Itl#L)
Y2..YJoY( IILI )
Y2uYJ*Y(l.olLl)
RllXl*Xl*Yl*Yl
R2gX2*X2*Y2*Y2
IF((Rl,EQ,O,),8R.(P2.EQO0.)) GM To 85
YTUY(1,LI*)X2-Y(IliLl)*X2*YJ*(XIl*2.Ll)nX(ILI))
XTfXl*X2*Yl*Y2
TETAOATAN2(YTXT)
S1UT3CDb(1LI,4),(1.-.O,5ALIG(R3/RR)1.Q,*SAL6G(R2/Ri)i(X1*T3CD(tLI

1,3).Y.*T3CD(ILIt2)).TETA*(XI*TSeD(IeLI,2).YITSCD(I'eLt,S))
GO TO 16

2. SINTSCD(IlLl,4)*(.ruQ,5*ALSG((Rl*R2)/RR))
216 AIII#JJ)PJuA( JJ)*Sl*CH(I Li 

217 RETURN
END

SUBRSUTINI MSCUP10hgSeTHHLIRiCIeCEI)
DIMENSION N(3)#X(46#3),Y(46,3),ALPHA(46,3),BETAl(46#3j0

IBETA2(46,3),GAMMA(46.3),CH(46,3),SCH(3),TSCDC46,3,4)'sA(211,282),
2AI(132ol32)

COMMON/HELP/A, Al
EQUIVALENCE (A#Al)
REAL L
EOal,/(4,*3.141$9*2*99776*2,99776E*09)
FACTORtxlOE-05)*(l/0.3937OO)
NO!13
N(1)443
N(2)A43

Nt3)546
KKK.O
DELWvW/20,
EvER*EO
X(lCl)v-(S/2. )W

X(1#2)4_Xt1,1)Xri,)'.XlelY(1*2)PH
DO 26 I=1120

XC IP1,1)uE( I ,i),DELW
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Y(IRPI,)Um
X(IPS,2)vX(l ,2).DELW

26 Y(IPl,2)uH
X(22,#)*X(21.1)
Y(22,1)00,25*FACTQR*H
X(22,2)xX(21.2)
Y(22,2):Y(22ol)
DO 27 Ix22,41

X(IPlll)oX(1I,1)DELW
Y(IPll)Y(I1l)
XC IP1,2)fXC I .2)*DELW

27 Y(IP1,2)gY(1#2)
X(43,#):XXIl)
Y(43,.):Y(ll)
X(43,2)=X(1#2)
Y(43,2)=Y(l,2)
DELLUL/45.
X(1,3)0-L/2,
Y(1,3JIOf
DO 28 151,45
IPlaI*1
X(IPll3)fX(I,3)+DELL

'28 Y(IP113)vo.
DO 47 LLL11,2
IF(KKK-)o 38,37,36

C ODD MODE
37 CONTINUE

DO 332 Ju2..
DO 33 I:1,42
ALPHA(,l.J)2.

*ETAZ(J Io.
GO TO (348 35),J

34 GAMMA(IJ)tl.
Ge TO 33

35 GAMMA(I,J)P-1.
33 CONTINUE

;332 CONTINUE
KKK:KKK,1
GO TO 39

C EVEN MODE
38 CONTINUE

DO 40 J;-1,2
DO 41 1:lj42
ALPHA(IJ)2..
BETAI(IJ)40.
DETA2(I,J)xo.

42 GAMMA(I,JA'1.
41 CONTINUE
40 CONTINUE
39 CONTINUE
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DOs 36 14, 49
ALPHA(I ,3)61 2:
BETAI(1,3)NO, rr.

BETA2(1,3n0o.
36 GAMMA(I,3)4O.

XMIN"0
XMAXfO
YMINUO,
YMAXvO,
NXUO
NY0O
IDIMv46
Rsl . OCQ5
NAXDIMS132
NAYDIM9l32
CALL OPLACE(N*N NX*Y,ALPHADETAI',CETA2,GAMMADCHtSCH, IDIM.RTSCD,

lXMINXMAXINXYMINYMAXNYNAXDIMeNAYDTM)
IF (LLLEQi2) G1 Te 50
CE~O2,*3,%4159SO.855Fwl2*SCH(2)
GO TO 47

Do CEE;2,.*3 ,24l59*,JO55l.l2*SCH(l )
47 CONTINUE

RETURN
END

SUORSUTINC LPLACE(NONXY.ALPHABIUTA 1,3UTA2,GAMMA ,CRl CHMI tDIM*N'
lTSCDIXMINXMAX#NX#'YMINYMAX#NYNAXIDIM;NAYDIM)
DIMENSION X(1DIMNe),Y(IDIMN0).ALPHA(IDtMNS),BETAtIDIMNB),

lBETA2(IDIMNG),QAMPAIDIMNO),CH(IDIMeNe),TSCD(IDIMNN,4)#N(NO),
2Alt132,132)sSCHINJ),8(lZ9).A(181.1I81)

COMMON/HELP/A, A2

EQUIVALENCE (A*A1)
PI'311415926
RRRR*R
DO I Lwi.N0
NNPN(L)-1
DO 2. 191NN
XIIX(I*iL)-X(IL)
YI$Y(I*1.#0-Y( Ii,)
TSCD(IL,#IXATAN2(YIXI)
TSCD( I L#2)#SIN(TSCD( I DLD.1))
TSCDtIlL,#3)vCOSTSCD(I,4,.1))

I TSCDCIIL,4)vSQRT(X!.xlYI*Yl)
JJJ"O
D0 4 LJ=IaNC
NJPN(LJ).l
JAJsJJJ
VJJJ*JJJ+Nj
DO 4 J0ihNJ
JJPJA^*j
XJ$(X(JP.UJ)OXCJ*I#LJ))/2.
YJN(Y(JLJ)*Y(J*#lJ))/2.
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I I I 0
DO 4 LIc1.NO
NI;N(LI)w2
Il:l1II+NI
IAI I I I-NJ
DO 4 lml#Nl

I I 91A I *I
IF(I1,EQjJ) GO T0 3
XIPXJ-X(ILT)
X2mXJ9X(UlLI)
YlvYJ-Y(I LI)
Y2*YJ-Y(I*I#,LI)
RlpXl*Xl*Yl*Yl
R2"X2*X2,*y2Y2

S280,
YTUY( ILI)*X2-Y( 11,LI)*X2 rYJ*(X(I*eLI) X(I.LI))
XTXl*X2*Yi*Y2
TETA8ATAN2R(YTXT)
IF(ALPHA#JLJ),EQ.0o) GO TM 2
Sj!TSCD(l#L1 14)el(..0o,5*ALSG(R2/RR))*OSALOG(Rg/RI)*(X2*TSCDOC.LI
1,3)+YI*TSCD(I.LI,2);)TETA*(Xi*TSCD(IeLI,2)*Y1*TSCDCl't,3,))

2 TETAIUTSCD(JLJi)-TSCD(I.LI.l)
S2!0.5*SIN(TETA3)*ALGG(R2/Rl)+COS(TETAI)*TETA
s~p-s2
GG TO 4

3 Sl.TSQDllLl ,4),(l2.ALGG(TSCD(ILI,4)/2,/R))

4 A.(,jIImALPHA(JtLJ)aS2.8UTA.(JLJ)*U2*,3TA2(J*LJ)#*3
Mao
DO 5 LNlNG

5 MuM*N(L)*1
JJJxO
DO 6 L01,N
NNPN(L)-i
jJx4J4J
.JJJxJjJ+NN
DO 6 401#NN

6 B(JJ)VGAMMA(J#L)
CALL ARRAY(t2MsMNAXDIMNAYDIMeASoAl)
CALL SIM(A1,8#,MKS)
IF (KS#NEo) PRINT o00

10o FORMAT(iHOQ,8HSYSTEM IS SINGULAR)
J4JvO
DO 7 LPINe
NNvN(L)-
JA.JNJJ
JwJJPJJ+NN
DO 7 j4iNN
jjajAj8j
7CH(j#08)u(jj)
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NNUN(L)-t
SCH(L)PO,
00 0 I"1,NN m

8 SCH(L)mSCH(L)+TSCD(I,L,4)sCH( IL 
IF(NX1) 17#9,10

9 DXfO
GO Tl 11

10 DXm(XMAXmXMIN)/FLOAT(NX.l)
11 IF (NY-1 )17,12,13
12 DYuo,

GO TO 14
13 DY*(YMAX-YMIN)/FLOATyNYwl)
14 DO 16 II2.,NX

XJmXMIN+FL0AT( Il )*DX
DO 16 JJvj,NY
YJvYM N FLOAT(JJ l)*DY
Al(Il,JJ)v0,
DO 16 LIu±.Ne
NNON(LI)N1
DO 16 I:1gNN
XlvXJ*X(ILI)
X2YXJ.X(I*,LI)
YIIY4oY(IoLl)
Y2UYJ*JY(I*1Ll)
R18Xl*Xl#Yl*Yl
R2NX2*X2#Y2oY2
lF((RlsE~j0,).eR,(R2,EQj0,)) G 15
YTuYCILI)aX2*Y(1lliLi)*X2.YJ*(XI*l.LI.XC I.LI))
XT4Xl*X2*.Y*Y2
TITANATANM(YTMXT)
STluTpcD ILI,4)0(1 1 ,ol5SALIG(RI/RR))*Qt*AL8G(R2/Rj)s*(Xi*T3CO(I.LI

l.3)+Y1*T3CD( ILI.2)).TETA*(XIYSOD( I Llt,2)eYI*TSCD( I',-3 .)
O0 TO 16

19 Sl.TSCD(ILI,4)*(1..0,5*ALOG((R1*R2)/RR))
16 Al(lIJJj)AAl(l.IJJ)*S1*CH(ILI)
17 RETURN

IND

SUIRSUTINE ARRAY (MIDE.IJ#N#Mo$,D)
DIMEN ION S(1)sD(j)
NIUN'I
IF(MODE-1) .100,#100.120

NM 'NO 2.
NMNMwNlU*DO lO KP1I J
N M * NM .N I
DO110ll L1 .I

NM'NMw1
120 D(NM)IS(I,)

TO 140
I;IO IJO
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NMSQ
DO 1i0 KUI.J
DO 125 Lflo I
I.jIJ+l
NMXNM+l

125 S(IJ)sD(NM)
130 NMENM+NI
140 RETURN

END

SUBROUTINE SIMO(A,01NKS)
DIMENSION A(iboC(l)
TOLmoo
KSO
JJa.N
DO 65 J:2,N
JYmJl
JJVJJ*N+t
BIGANO,
ITuJJ-J
DO 30 IJIN
lIJIT*I
IF(A8S(BIGA)-ABS(A(IJ))) 20,30,30

2o BIGANA(IJ)
IMAXvI

30 CONTINUE
IF(AB5(BIGA)-TGL) 3 5. 3 5 , 4 0

35 KSaJ
RETURN

40 IlPJ*N*(J*2)
IT4IMAX-J
DO 50 KzJ#N
lIP I*N
12'11*IT
SAVEVA(11)
A(cI)wA(12)
A( 12)SAVE

50 A( IljAcIj)/8lGA
SAVEUBIIMAX)
8( IMAX)=B(J)
B(J)PSAVE/BIGA
IFIJoN) 55,70,55

55 IQS=N.(J.2)
DO 65 IXX;Y,N
IXJZIQS+IX
ITwJ.IX
DO 60 JXNJY,N
IXJX 'NgJX-I*.+IX
JjXmIXJX*IT

60 A(IXJX)=A(IXJX)-(A(IXJ)*A(JJX))
65 B1l IX)ufl XW(B(J)*A(IXJ))
70 NYwNwl

36



Cr,

NRL REPORT 7810

ITINON 1

De s0 Ja3 NY Ori

IA. ITvJ
IBMN-J

DO 80 K-1,J
B(IB~v8(t3)-A(1A)*S(lC)
IAPIA*N

S0 I CI C-1
RETURN
END
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